
 1 

Revision 3: Phase Transformation of Hydrous Ringwoodite to the Lower-Mantle 1 

Phases and the Formation of Dense Hydrous Silica 2 

Huawei Chen1, Kurt Leinenweber2, Vitali Prakapenka3, Martin Kunz4, Hans A. Bechtel4, 3 

Zhenxian Liu5 and Sang-Heon Shim1 4 

1School of Earth and Space Exploration, Arizona State University, Tempe, Arizona. 

2Eyring Materials Center, Arizona State University, Tempe, Arizona. 

3GeoSoilEnviroCars, University of Chicago, Chicago, Illinois. 

4Advanced Light Source Division, Lawrence Berkeley National Laboratory, Berkeley, 

California.  

5Geophysical Laboratory, Carnegie Institution of Washington, Washington, DC. 

 5 

Keywords: stishovite, ringwoodite, bridgmanite, periclase, water, mantle 6 

 7 

Abstract 8 

In order to understand the effects of H2O on the mineral phases forming under the 9 

pressure-temperature conditions of the lower mantle, we have conducted laser-heated 10 

diamond-anvil cell experiments on hydrous ringwoodite (Mg2SiO4 with 1.1wt% H2O) at 11 
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pressures between 29 and 59 GPa and temperatures between 1200 and 2400 K. Our 12 

experimental results show that hydrous ringwoodite (hRw) converts to crystalline dense 13 

hydrous silica, stishovite (Stv) or CaCl2-type SiO2 (mStv), containing 1 wt% H2O 14 

together with Brd and MgO at the pressure-temperature conditions expected for shallow 15 

lower-mantle depths between approximately 660 to 1600 km. Considering lack of sign 16 

for melting in our experiments, our preferred interpretation of the observation is that Brd 17 

partially breaks down to dense hydrous silica and periclase (Pc), forming Brd + Pc + Stv 18 

mineralogy. Our experiments may provide an explanation for the enigmatic coexistence 19 

of Stv and Fp inclusions in lower-mantle diamonds. 20 

Introduction 21 

Lines of evidence support that the lower mantle has a similar chemical composition to the 22 

upper mantle (Kurnosov et al., 2017; Shim et al., 2001a, 2017) that is likely peridotitic or 23 

pyrolitic (McDonough and Sun, 1995). In a pyrolitic lower mantle, (Mg,Fe)(Al,Si)O3 24 

bridgmanite (Brd) and (Mg,Fe)O ferropericlase (Fp) are the dominant minerals (Kesson 25 

et al., 1998; Lee et al., 2004). The high Mg/Si ratio of pyrolite stabilizes (Mg,Fe)O as a 26 

mineral phase (Fp) in the lower mantle. Fp would react with a free silica phase and forms 27 

Brd: (Mg,Fe)O (Fp) + SiO2 = (Mg,Fe)SiO3 (Brd). Therefore, it is believed that dense 28 

silica phases, such as stishovite (Stv), are not thermodynamically stable in the anhydrous 29 

lower mantle (Shim et al., 2001a). 30 

In contrast, numerous studies have documented Stv coexisting with (Mg,Fe)O and Brd 31 

(pyroxene with a Brd-like composition) as inclusions in diamonds from the lower mantle 32 

(Kaminsky, 2012; Litvin et al., 2014; Stachel et al., 2005). Because the pyrolite model 33 
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cannot explain the co-existence of Stv and (Mg,Fe)O, the diamond inclusions raise an 34 

important question about the mineralogy and composition of the lower mantle 35 

(Kaminsky, 2012). Alternatively, the inclusions may originate from non-pyrolitic 36 

sources. For example, Stv can exist with (Mg,Fe)O in a system with a much higher Fe 37 

content than pyrolite (Fei et al., 1996). However, many of the (Mg,Fe)O inclusions do not 38 

have sufficient Fe for this scenario, and so Brd should be observed instead of Stv in those 39 

cases. Experiments have shown that subducted basalt contains Stv together with Brd but 40 

not with Fp at the lower-mantle pressure–temperature (P–T) conditions (Hirose et al., 41 

2005). Therefore, this cannot explain diamond inclusion observations.  42 

An important factor to consider is the possible presence of H2O. Studies have shown that 43 

minerals in the mantle transition zone can store H2O up to a few wt% (Smyth 1994; 44 

Hirschmann 2006; Pearson et al. 2014). Indeed, some diamond inclusions indicated the 45 

premise that the mantle transition zone is hydrated at least locally (Pearson et al., 2014; 46 

Tschauner et al., 2018). However, recent high-pressure experiments have shown very low 47 

H2O storage capacities for Brd and Fp in the lower mantle (Bolfan-Casanova et al. 2003; 48 

Panero et al. 2015). Therefore, H2O transport via mantle convection across such a 49 

dramatic change in the H2O storage capacity at 660-km depth can induce some important 50 

changes in the mineralogy of the lower mantle (Schmandt et al., 2014; Tschauner et al., 51 

2018). To understand the effect of H2O on lower-mantle mineralogy, we have conducted 52 

laser-heated diamond-anvil cell (LHDAC) experiments on a synthetic hydrous 53 

ringwoodite (Mg2SiO4 with 1.1wt% H2O; hRw) starting material at pressures between 29 54 

and 59 GPa and temperatures between 1200 and 2400 K, which is expected for the lower 55 

mantle.  56 
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 57 

Experimental Methods 58 

Starting material:  We synthesized Mg2SiO4 ringwoodite (Rw) from a molar mixture 59 

(0.613Mg2SiO4 + 0.084SiO2 + 0.167Mg(OH)2) from forsterite, SiO2 (glass), and brucite 60 

for synthesis of a Mg2SiO4 with 3 wt% H2O in a 6-8 multi-anvil press combined with a 61 

10/5 assemblies at Arizona State University (ASU) (Leinenweber et al., 2012). The 62 

starting mixture was loaded into a platinum capsule. Then, we sealed the capsule. We 63 

compressed the mixture to 20 GPa and subsequently heated to 1573 K for 30 minutes. 64 

After the synthesis, pure ringwoodite was confirmed by X-ray diffraction (XRD) pattern 65 

(Fig. S1), which we will describe later. From analysis of infrared (IR) spectra, we 66 

obtained 1.1±0.5 wt% H2O for the amount of H2O in Rw from integrated intensity of the 67 

O-H vibration mode from infrared at the wavenumber 2600-3600 cm-1  range, following 68 

the methods in Smyth et al. (2003) (Fig. S2).  69 

Laser-heated diamond-anvil cell: We pre-compressed the powder of the hydrous Rw 70 

sample into a 10-μm thick foil into a symmetric diamond anvil cell (DAC). We used 71 

diamond anvils with 200 μm (flat) and 150 μm (single beveled) cullets for experiments at 72 

pressures below and above 50 GPa, respectively. The sample chamber was made by 73 

drilling a 90 or 120 μm diameter hole in a rhenium gasket indented by diamond anvils. 74 

Two different types of heating were performed using either Ar or Ne as an insulating 75 

medium. The first was CO2 laser heating on the hydrous Rw samples, and the second 76 

near infrared (NIR) laser heating (Fig. S3) on hydrous Rw + Pt mixtures (Tab. 1). For the 77 

CO2 laser heating experiments, we cryogenically loaded an Ar medium in a DAC. A ruby 78 
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chip was loaded at the edge of the sample chamber for pressure measurements, but away 79 

from the sample foil in order to avoid any chemical reaction. We compressed the samples 80 

with nitrogen-free type-II diamond anvils and focused a CO2 laser beam on the sample 81 

foil in the DAC. Single-sided heating was conducted at 1200 to 2420 K using a laser 82 

heating system at ASU. Note that we did not mix the ringwoodite powder with any 83 

metals in the CO2 heating experiments, because silicate samples couple directly with the 84 

CO2 laser beam. The size of the laser heating spot was 50 μm. Temperatures were 85 

calculated by fitting the measured thermal radiation spectra to the Planck equation from 86 

one side of the sample after subtracting the backgrounds from the optics in the system 87 

similar to the method described in (Prakapenka et al., 2008). Pressure was measured 88 

using the ruby fluorescence line shift or the first-order Raman mode from the tips of the 89 

diamond anvils (Mao et al., 1978). For the NIR measurements, we mixed the Rw starting 90 

material with 10 wt% Pt, the latter being used as a laser coupler and internal pressure 91 

standard when using XRD (Ye et al. 2017). We loaded Ne as a pressure medium using 92 

the gas-loading system at the GESCARS, APS. The NIR laser heating was conducted at 93 

GSECARS (Prakapenka et al., 2008). Two near-infrared laser beams (~1 micron 94 

wavelength) were focused on the sample through two opposite sides of DAC with a hot 95 

spot size of 20–25 μm in diameter. The laser beams were aligned co-axially with the X-96 

ray beam. Temperatures were calculated by fitting thermal radiation spectra to the Planck 97 

equation from both sides of the sample after background subtraction. 98 

Synchrotron X-ray diffraction: We conducted synchrotron X-ray diffraction (XRD) 99 

experiments at beamlines 13IDD at APS and 12.2.2 at ALS (Kunz et al., 2005; 100 

Prakapenka et al., 2008). For the samples heated with a CO2 laser beam at ASU, we 101 

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA) 
Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2020-7261

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



 6 

conducted the measurements at high pressure and 300 K. In the case of the NIR heating, 102 

we conducted XRD measurements during laser heating at the beamline (see 103 

supplementary information). Pressure was calculated from the equations state of Ar and 104 

Pt for the CO2 and NIR laser heated samples, respectively (Ross et al., 1986; Ye et al., 105 

2017). The heating durations were 15–30 minutes. We collected diffraction patterns from 106 

a monochromatic X-ray beam with a wavelength of either 0.3344, 0.4133, or 0.4959 Å. 107 

The sizes of the X-ray focus at the sample were 3×4 and 10×10 μm2 at beamlines 13IDD 108 

and 12.2.2, respectively. Diffraction patterns were measured with MarCCD and Pilatus 109 

detectors at beamlines 12.2.2 and 13IDD, respectively, with a detector distance of 110 

approximately 250 mm. We integrated the diffraction images to 1D patterns in the 111 

Dioptas package shown in Fig. S4 (Prescher and Prakapenka, 2015). We performed phase 112 

identification and peak fitting in the PeakPo package (Shim 2017). The data obtained 113 

from the GSECARS and the 12.2.2 beamlines agreed well with each other. Rietveld 114 

refinements were performed using the GSAS-II package (Toby and Von Dreele, 2013) 115 

(Table 2 and Fig. S5). We refined phase fractions first, then atomic positions, lattice 116 

parameters and spherical harmonic terms for the preferred orientation. After reaching a 117 

good visual fit, we refined all the parameters together to further reduce residuals after 118 

background subtraction, Rwp-bknd. From the unit-cell volume, we calculated the water 119 

content using the relationship presented in Nisr et al. (2017a) (Table 1).  120 

Infrared spectroscopy: We conducted IR measurements on polycrystalline hydrous Rw 121 

starting material and the recovered samples at beamlines 1.4 of ALS and U2A of NSLS.  122 

We loaded the sample of ringwoodite in the sample chamber of the rhenium gasket in the 123 

diamond anvil cell. The infrared beam was focused on the sample to the minimum 124 
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beamsize of 10×10 μm. We measure the infrared spectra of the sample at 1 bar. For 125 

hydrous stishovite, we measure the IR after laser heating of the hydrous ringwoodite 126 

sample. At ALS, the system consists of a Nicolet Magna 760 FTIR spectrometer and 127 

custom IR microscope with a HgCdTe detector and KBr beamsplitter. At U2A, we used a 128 

Bruker Vertex 80v FTIR spectrometer and Hyperion 2000 microscope with HgCdTe 129 

detectors. Spectral resolution was 4 cm-1. Spectra were recorded for 256 scans. The 130 

beam-size was 10×10 μm2 in diameter at the sample. We conducted spectral fitting for 131 

the IR data using the LMFIT package (Newville et al. 2014).  132 

 133 

Results 134 

Ringwoodite has a Mg/Si ratio of ~2. Thus, heating converts Rw to Brd (MgSiO3) and 135 

MgO (periclase, Pc) without silica at the P–T conditions expected for the lower mantle 136 

(Shim et al., 2001a). All the diffraction patterns we measured after CO2 laser heating 137 

between 35 and 55 GPa, however, showed the peaks of silica (either Stv or its 138 

orthorhombic modification in CaCl2-type structure, mStv, together with those of Brd and 139 

MgO (Fig. 1). The most intense diffraction line of Stv (and mStv) exists at 2.8–2.9 Å. 140 

Because Brd and MgO do not have diffraction lines in this range, the appearance of the 141 

intense silica line allows us to unambiguously identify Stv (or mStv). In addition, some 142 

high-angle lines of Stv or mStv were identified, such as 101, 211, and 220. However, 143 

those features are less unambiguously as diagnostic features because of possible overlaps 144 

with the Brd and MgO lines. We also found Stv (or mStv) together with Brd and MgO in 145 

the NIR heating experiments (Fig. S3). CO2 laser heating provides much larger heating 146 
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spot and therefore low thermal gradients. Most importantly, hydrous Rw couples directly 147 

with a CO2 laser beam. Because of these reasons, we discuss the CO2 heating results in 148 

this paper (note that the NIR heating results are provided in supplementary information).  149 

 150 

Fig. 1. X-ray diffraction patterns of lower-mantle minerals transformed from hydrous 151 

ringwoodite. a, 1 bar after recovery (X-ray wavelength of 0.3344 Å). b, 50 GPa after 152 

heating at 1200 K. The colored ticks below the patterns indicate the expected peak 153 

positions (Brd: bridgmanite, Pc: periclase (MgO), Stv: stishovite, Ct-SiO2: CaCl2-type 154 

silica (or mStv), Ar: argon, *: hcp-Ar). The blue arrows highlight the peaks from Stv (or 155 

converted from mStv). The Miller indices are provided for the lines with significant 156 

intensities (10%).  157 
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We have successfully quenched most of the samples synthesized at 35–55 GPa and 158 

measured their diffraction patterns at 1 bar (Fig. 1). All three phases observed at high 159 

pressure, Stv, Brd, and MgO, remained present after the pressure quench. The diffraction 160 

lines of silica were indexed well with the tetragonal rutile type, that is Stv. The unit-cell 161 

volumes of Brd and MgO at 1 bar were in agreement with their anhydrous counterparts 162 

within 1.0%. However, for Stv, we found much larger unit-cell volumes than the value 163 

reported for anhydrous Stv by 1.7–5.2% in Table 2.  164 

Incorporation of H2O increases the unit-cell volume of Stv and the relationship between 165 

the H2O content and the volume expansion was measured quantitatively (Spektor et al. 166 

2011, 2016; Nisr et al. 2017a). From the volume and H2O content relationship found in 167 

other studies (Nisr et al., 2017; Spektor et al., 2016), we obtained 0.4–1.3 wt% H2O for 168 

the recovered Stv.  In Nisr et al. (2017a), the relationship between the H2O content and 169 

unit-cell volume of stishovite was fit to a line using the samples from Spektor et al. 170 

(2016): water content (wt%) = 4.64 ± 0.57 × (V - 46.515), where V is the unit-cell 171 

volume. The H2O contents of all the samples used for the calibration were directly 172 

measured from thermogravimetric analysis (TGA). Some of these samples were also 173 

characterized with IR measurements.  174 

Stishovite has a tetragonal unit cell with two independent lattice parameters, a and c. 175 

When Stv is hydrated, the a-axis expands while the c-axis remains essentially unchanged. 176 

Such changes could be related to the bonding of hydrogen to the underbonded oxygen in 177 

the silicon defects in the crystal structure (Nisr et al., 2017; Spektor et al., 2011). We 178 

found a strong linear correlation between the c/a ratio and the unit-cell volume of the 179 
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recovered Stv (Fig. 3a and Table 2). The trend in our dataset is in agreement with that 180 

found in previous studies on hydrous Stv (Spektor et al., 2016, 2011). 181 

Infrared (IR) spectroscopy is sensitive to even a trace amount of hydroxyl incorporated in 182 

the crystal structures of mineral phases (Rossman, 1996). We measured the IR spectra of 183 

the samples recovered from the CO2 lasers where we found complete conversion to the 184 

lower-mantle mineral phases, and did not find any Rw diffraction peaks after heating. We 185 

found multiples of OH vibrational modes from the recovered samples (Fig. 2b). The 186 

detected modes are significantly different from those of hRw (our starting material), 187 

MgO, and Brd in both wavenumber and intensity distribution (Bolfan-Casanova et al. 188 

2002, 2003; Pearson et al. 2014; Panero et al. 2015). H2O can significantly reduce the 189 

transition pressure of Stv to its orthorhombic modification (the CaCl2 type, mStv), for 190 

example from 55 GPa to 25 GPa by 3 wt% H2O (Lakshtanov et al. 2007; Nisr et al. 191 

2017b). However, the differences in diffraction pattern between the phases are subtle, 192 

particularly if the incorporated H2O contents are low. In some diffraction patterns, we 193 

were able to identify some diagnostic features of the orthorhombic distortion related to 194 

the broadening of stishovite 101 peak as suggested in Fig. 1. However, the severe peak 195 

overlaps of the Stv or mStv diffraction lines with Brd, MgO, and Ar at d-spacings smaller 196 

than 2.5 Å, made the unambiguous detection challenging. Therefore, we cannot rule out 197 

the possibility of a CaCl2-type distortion in the silica phase (mStv) in our pressure range. 198 

  199 
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 200 

Fig. 2. The solubility of H2O in Stv (or mStv) and its effects on the lower-mantle 201 

mineralogy. a, The c/a ratio and the unit-cell volume of the recovered Stv co-existing 202 

with Brd and MgO. For comparison, we plot the data for hydrous Stv (Spektor et al., 203 

2016). b, The IR spectra of the samples recovered from the CO2 heating experiments 204 

(dots) with spectral fitting results (black curves). We also present the IR spectra of the 205 

starting material (hydrous Rw) and hydrous Stv (Spektor et al., 2011). The gap at 2800–206 

3000 cm-1 is a region for C-H modes from CH contaminants on diamond anvils. After 207 

opening the diamond-anvil cell, we measured IR through one diamond anvil to prevent 208 

accidental loss of the sample.  209 

 210 
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 211 

 212 

Fig. 3, The MgO–SiO2–H2O ternary system and the formation of the lower-mantle 213 

minerals from anhydrous and hydrous Rw (left, Eq. 1, and right, Eq. 2). The H2O 214 

contents in the top two ternary diagrams are exaggerated for the visibility of the expected 215 

phase assemblages. We present the properly scaled compositions of our starting material 216 

and recovered sample in the bottom diagram. 217 

 218 

Previous studies have reported IR spectra of hydrous Stv (Spektor et al., 2016, 2011). 219 

However, these samples were synthesized at pressures lower than 10 GPa and therefore 220 

within the stability of Stv without a CaCl2 type distortion. In contrast, our samples, all of 221 
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which are synthesized above 35 GPa, may have experienced a transition from CaCl2 type 222 

(mStv) to Stv during the decompression for the recovery. Therefore, comparison of our 223 

IR spectra to those of hydrous Stv from low-P experiments should be made with caution.  224 

Nevertheless, three modes at approximately 2550, 2870, and 3250 cm-1 from our samples 225 

show good agreement in frequency with those reported for a hydrous Stv sample (Spektor 226 

et al., 2011), although the intensity distribution is different (Fig. 2b). Our IR spectra are 227 

measured on a much smaller area, and therefore significantly fewer grains in the samples, 228 

recovered from the LHDAC experiments, whereas the former study (Spektor et al., 2011) 229 

was conducted for much larger sample synthesized in a multi-anvil press. In fact, as 230 

shown in Fig. 2b, the intensity distribution varies among different samples in our 231 

experiments, while mode frequencies are consistent with each other within 50 cm-1, 232 

indicating the OH mode intensities of our samples are sensitive to crystallographic 233 

orientations and therefore preferred orientation. Different synthesis pressure and the 234 

sample history, discussed above, may explain the small but noticeable shift of the trend in 235 

the c/a and unit-cell volume relationship and the small but systematically lower 236 

frequencies (by 30–100 cm-1) of the major IR-active OH modes of our samples compared 237 

with hStv from low-P synthesis (Fig. 2a,b). We note that our IR spectra is different from 238 

Schmandt et al. (2014) in that they observed a broad IR O-H band related to melting 239 

product while our IR band shows three distinct peaks of hydrous stishovite similar to 240 

Spektor et al. (2016). 241 

 242 

Discussions 243 
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It is of interest why free silica phase forms even under the MgO saturated system we 244 

studied (our starting material was hydrous Mg2SiO4 ringwoodite).  First, we can consider 245 

solid-state reaction. From the Gibbs phase rule, F = C – Φ + 2 (F is degrees of freedom, 246 

C is chemical components, and Φ is number of phases in a system), for an MgO–SiO2 247 

system with two independent components (MgO and SiO2; C = 2) at a range of P and T 248 

(F = 2), the maximum number of phases should be two (Φ = 2). This is the case for 249 

anhydrous Rw in MgO–SiO2 and thus explains the following phase change in the lower 250 

mantle: 251 

Mg2SiO4 (Rw) = MgSiO3 (Brd) + MgO (Pc) (1) 

  

In our experiments, Rw contained H2O and therefore we should consider a ternary 252 

system, MgO–SiO2–H2O (C = 3). In this case, the Gibbs rule predicts a ternary phase 253 

assemblage (Φ = 3) at a range of P and T. We indeed observed the stability of the Brd + 254 

Pc + Stv (or mStv) ternary phase assemblage at pressures between 35 and 59 GPa. Some 255 

phases in our final products should contain H2O and as shown above Stv (or mStv) plays 256 

such a role. As shown in Fig. 3, hydrous Stv (or mStv), together with Pc and Brd, can 257 

form a triangle in the ternary phase diagram for a stable phase assemblage. Because Brd 258 

is the phase with Si, in order to form hydrous Stv (or mStv), a partial breakdown is 259 

needed: 260 

(Mg1-xH2x)2SiO4  (hRw) = (1  –  x – y)MgSiO3 (Brd) + (1  –  x + y)MgO (Pc) + 261 

ySiO22xH2O (hStv) (2) 262 
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where 2x is the amount of H2O originally in Rw and y is the molar fraction of the Brd 263 

breakdown to Pc + Stv (or mStv). Hydrogen would mainly substitute Mg in ringwoodite  264 

(Smyth et al. 2004) while stishovite would store hydrogen through direct substitution 265 

(Spektor et al., 2011). 266 

In Fig. 3, our starting composition is slightly above the triangle formed by the three 267 

lower-mantle phases after the transition. We note that the distance between the Rw 268 

composition and the phase assemblage triangle of Brd + Pc + Stv is within the estimated 269 

uncertainty of the H2O content. The H2O contents were estimated using different methods 270 

for Rw and Stv (IR and XRD, respectively) and therefore the systematic differences in 271 

these two methods may have contributed more than the estimated error presented in Fig. 272 

3. The ternary phase diagram we presented here assumes that the system was closed with 273 

no interaction between Rw and the surrounding medium, either Ar or Ne. However, some 274 

amounts of H2O could have been released to the pressure medium during heating. The 275 

noble gas medium escaped from the sample chamber during recovery, therefore we could 276 

not measure the amount of H2O in the medium. If our hydrous Rw lost H2O to the 277 

medium during the initial stage of laser heating, the composition point would shift toward 278 

the MgO–SiO2 line, and possibly lied within the Brd–Pc–Stv triangle.  279 

The hypothesis presented here can be further examined if the fractions of the phases can 280 

be reliably determined.  We attempted Rietveld refinements (Fig. S5) to obtain phase 281 

fractions.  However, we found that the intensities of the phases vary strongly at different 282 

spots in the sample, likely because of strong recrystallization during laser heating.  Our 283 

2D diffraction image in Fig. S4 shows that we only have a few single-crystal-like grains 284 
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for the phases instead of randomly oriented powder which is required for successful 285 

Rietveld refinements.  The observation explains the strong variation in the intensity.  286 

Because of the limitation, we could not reliably constrain the phase fractions through 287 

Rietveld refinements. 288 

Second, we consider possibility of melt-involved process. A recent high-pressure 289 

experiment (Walter et al., 2015) observed Stv at lower-mantle related pressures in MgO–290 

Al2O3–SiO2–H2O even when Mg/Si > 1, which is similar to our study. The study 291 

documented that Stv appeared at temperature above 1300 K and remained stable to at 292 

least 1900 K at 30 to 50 GPa together with Brd and MgO. They related the appearance of 293 

Stv to hydrous melting.  294 

Although the H2O content in Stv was not reported, the observation of Stv in the Mg-rich 295 

system in Walter et al. (2015) is consistent with our study and supports the important role 296 

of H2O for the lower-mantle mineralogy. At lower temperatures, phase D and phase H 297 

were observed in the former study (Walter et al., 2015), which was not the case in our 298 

experiments. However, their samples contained a factor of 3–5 greater amounts of H2O 299 

than our samples, which could change the phase behavior. The amount of H2O in our 300 

experiments is more consistent with recent estimations for H2O content in the mantle 301 

transition zone (Fei et al., 2017).  302 

An experimental study of a (Mg0.9Fe0.1)2SiO4 Rw sample with 1.1(1) wt% H2O reported 303 

the observation of Brd, (Mg,Fe)O, and brucite after laser heating to 1873 K at 30 GPa 304 

(Schmandt et al., 2014). They identified small amorphous regions in the TEM analysis of 305 

the quenched samples and attributed them to hydrous melting.  306 
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If these former observations are applicable for our experiments, it can be hypothesized 307 

that generation of silica-rich hydrous melt and its subsequent cooling below melting 308 

temperature may crystallize dense silica in our experiment. However, in our in-situ 309 

experiments shown in Fig. S3, we did not find any sign of melting.  For example, 310 

coupling behavior change is common across melting (Walter et al., 2015), which was not 311 

found in our study. In addition, our in-situ experiments show immediate appearance of 312 

silica from the hydrous ringwoodite starting material together with Brd and Pc.  Such an 313 

observation is inconsistent with the melting-related precipitate possibility.   314 

In Schmandt et al. (2014), the XRD pattern does not show any silica peaks and their 315 

reported IR spectra for OH are different from Stv. The melting temperature of silicates 316 

generally increases with pressure. Their pressure was lower than our experiments (Fig. 317 

4). In addition, Fe in their Rw sample could reduce the melting temperature. Therefore, it 318 

is difficult to relate their results to our experimental observations. 319 

  320 

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA) 
Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2020-7261

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



 18 

 321 

Fig. 4. Pressure and temperature conditions for the experimental runs with the observed 322 

phase assemblages. We plot the expected temperature ranges at different depths between 323 

the cold subducting slabs and the mantle geotherm (Brown and Shankland, 1981; 324 

Syracuse et al., 2010).  We also show dry liquidus and solidus of  the pyrolitic 325 

composition, wet liquidus and solidus of pyrolitic composition with 2 wt% water from 326 

Litasov and Ohtani (2002). The stability fields of phase D and phase H are from previous 327 

studies (Litasov and Ohtani, 2002; Nishi et al., 2014). CO2: CO2 laser-heating 328 

experiments, and NIR: NIR laser-heating experiments. We also plotted melting 329 

experiment performed by other studies (Bolfan-Casanova et al., 2000; Schmandt et al., 330 

2014).  331 

  332 
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For a pyrolitic CaO–MgO–Al2O3–SiO2, a multi-anvil press study showed that 2 wt% of 333 

H2O, which is twice more than we have, reduces the melting temperature to 2400 K at 25 334 

GPa (Litasov and Ohtani, 2002). Because it increases with pressure, the melting 335 

temperature should be higher than 2400 K at the pressure range of our experiments 336 

(Litasov and Ohtani, 2002). All of our experiments were conducted at temperatures 337 

below 2400 K, and we observed the formation of dense silica polymorph at temperatures 338 

as low as 1200–1630 K (Fig. S3). We also did not find any IR modes of brucite, which 339 

has been often related to melting in high-pressure samples (Schmandt et al., 2014). 340 

Therefore, the melting-involving possibility is less likely. 341 

If stishovite observed in our experiments is related to partial melting, because we 342 

observed stishovite during in-situ heating, we can hypothesize that Brd undergoes 343 

incongruent melting and stishovite appears as a solidus phase, existing together with 344 

partial melt. However, such an observation has not been documented yet to our 345 

knowledge at the pressure range we studied. 346 

Panero et al. (2003) documented that aluminous stishovite has an elevated amount of H2O 347 

after partial melting in MORB composition.  However, in this case, stishovite is already 348 

stable even in anhydrous MORB below melting temperature because of much higher 349 

concentration of SiO2 in the composition.  Therefore, unlike our case where stishovite 350 

cannot exist in anhydrous case because of the high Mg/Si ratio, the observation by Panero 351 

et al. (2003) is likely because of H2O partitioning between partial melt and solid residue. 352 

Saxena et al. (1996) reported breakdown of MgSiO3 Brd to MgO and SiO2 stishovite at 353 

pressures between 58 and 85 GPa.  However, the later experiments have shown instead 354 
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that MgSiO3 Brd remains stable throughout the lower mantle (Serghiou et al., 1998; Shim 355 

et al., 2001b). The source of the earlier breakdown observation has been unclear. While it 356 

is intriguing to consider the effect of H2O for the earlier experiments of breakdown from 357 

our new observations reported here, we also note that (Saxena et al., 1996) observed the 358 

stability of Brd at the pressure range we studied in this report. 359 

From these considerations, our preferred interpretation of the silica formation in our 360 

experiments is the solid-solid reaction and stabilization of silica through H2O storage in 361 

the phase.  However, we believe future study is required for more firm conclusions 362 

particularly related to the possible partial melting origin of stishovite.  For example, 363 

transmission electron microscopy (TEM) analysis would be helpful to further address the 364 

limitations in this study. Although we attempted, we found it difficult to recover the 365 

samples undergone extensive phase changes and recrystallization in a noble gas medium 366 

for TEM analysis.  Therefore, technical development would be important to achieve the 367 

measurements.  It is also of particular interest to explore the transition in mineralogy after 368 

the stability field of phase D at temperatures higher than the stability of phase H. 369 

 370 

Implications 371 

Numerous studies have documented Stv coexisting with (Mg,Fe)O and Brd (pyroxene 372 

with Brd-like composition) as inclusions in diamonds from the lower mantle (Kaminsky, 373 

2012; Litvin et al., 2014; Stachel et al., 2005). As shown in Eq. 1, the coexistence of Stv 374 

is very difficult to explain in the anhydrous pyrolitic lower mantle. Diamond inclusions 375 
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have been often related to fluids or H2O (Kaminsky, 2012; Kohn et al., 2016; Tschauner 376 

et al., 2018). Here we showed that Stv (or mStv) could form a phase assemblage with Fp 377 

and Brd in an Mg-rich system if H2O is present. Our observation, therefore, provides a 378 

new possible explanation for the coexistence of Stv with Fp and Brd in the lower-mantle 379 

diamonds. If so, those diamonds should originate from hydrous regions in the mid-380 

mantle. We proposed that future studies measure the H2O content of the Stv inclusions in 381 

lower-mantle diamonds.  If future studies indeed support our interpretation for the 382 

stabilization of silica through H2O storage in the lower mantle, such a change in 383 

mineralogy would impact our understanding on the H2O cycle in Earth and other Earth-384 

like planets in our solar system and extra-solar system.  385 

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA) 
Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2020-7261

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



 22 

 386 

 387 

Tab. 1. Conditions and run products of the high-pressure experiments. The numbers 388 

in parentheses are the 1σ uncertainties. As discussed in the main text, it is difficult to 389 

resolve peaks from the orthorhombic modification (CaCl2 type) of Stv (therefore 390 

mStv) because of the peak overlaps with Brd and Fp. For the case we have clear 391 

evidence for the orthorhombic modification at high pressure, we noted them as 392 

“mStv” in this table. Even in this case, mStv converts to Stv (tetragonal) during 393 

decompression. For the case we note as “Stv”, although the diffraction patterns can be 394 

well indexed with Stv, we do not rule out the possibility of mStv, because of subtle 395 

differences in diffraction patterns between Stv and mStv. 396 
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 397 

 398 

 399 

Tab. 2. The unit cell volumes of bridgmanite (Brd), periclase (MgO) and  stishovite (Stv) 400 

measured at 1 bar after pressure and temperature quench. The values were obtained 401 

through Rietveld refinements (see an example in Fig. S5). The unit-cell parameters 402 

of Brd, Pc, and Stv are compared with those reported for pure MgSiO3 (162.349Å3)  403 

(Ross et al. 1990), MgO (74.778Å3) (Dorogokupets et al. 2007), and anhydrous Stv 404 

(46.502Å3) (Andrault et al. 2003), respectively, at 1 bar. The c/a ratio for stishovite were 405 

also included in the table.  406 
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Figure captions 584 

Fig. 1. X-ray diffraction patterns of lower-mantle minerals transformed from hydrous 585 

ringwoodite. a, 50 GPa after heating at 1200 K. b, 1 bar after recovery (X-ray wavelength 586 

of 0.3344 Å). The colored ticks below the patterns indicate the expected peak positions 587 

(Brd: bridgmanite, Pc: periclase (MgO), Stv: stishovite, Ct-SiO2: CaCl2-type silica (or 588 

mStv), Ar: argon, : hcp-Ar). The blue arrows highlight the peaks from Stv (or converted 589 

from mStv). The Miller indices are provided for the lines with significant intensities 590 

(10%).  591 

Fig. 2. The solubility of H2O in Stv (or mStv) and its effects on the lower-mantle 592 

mineralogy. a, The c/a ratio and the unit-cell volume of the recovered Stv co-existing 593 

with Brd and MgO. For comparison, we plot the data for hydrous Stv (Spektor et al., 594 

2016). b, The IR spectra of the samples recovered from the CO2 heating experiments 595 

(dots) with spectral fitting results (black curves). We also present the IR spectra of the 596 

starting material (hydrous Rw) and hydrous Stv (Spektor et al., 2011). The gap at 2800–597 

3000 cm-1 is a region for C-H modes from CH contaminants on diamond anvils. After 598 

opening the diamond-anvil cell, we measured IR through one diamond anvil to prevent 599 

accidental loss of the sample. 600 

Fig. 3, The MgO–SiO2–H2O ternary system and the formation of the lower-mantle 601 

minerals from anhydrous and hydrous Rw (left, Eq. 1, and right, Eq. 2). The H2O 602 

contents in the top two ternary diagrams are exaggerated for the visibility of the expected 603 

phase assemblages. We present the properly scaled compositions of our starting material 604 

and recovered sample in the bottom diagram. 605 
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Fig. 4. Pressure and temperature conditions for the experimental runs with the observed 606 

phase assemblages. We plot the expected temperature ranges at different depths between 607 

the cold subducting slabs and the mantle geotherm (Brown and Shankland, 1981; 608 

Syracuse et al., 2010).  We also show dry liquidus and solidus of  the pyrolitic 609 

composition, wet liquidus and solidus of pyrolitic composition with 2 wt% water from 610 

Litasov and Ohtani (2002). The stability fields of phase D and phase H are from previous 611 

studies (Litasov and Ohtani, 2002; Nishi et al., 2014). CO2: CO2 laser-heating 612 

experiments, and NIR: NIR laser-heating experiments. We also plotted melting 613 

experiment performed by other studies (Bolfan-Casanova et al., 2000; Schmandt et al., 614 

2014). 615 
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